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INTRODUCTION

Although all animals have the ability to regenerate lost
or damaged body parts to a slight extent, marked regenerative
capabilities are restricted to a few unrelated groups of organ
isms in the lower phyla.

Neither the sporadic occurrence of this

advantageous ability nor its underlying mechanisms have been
explained by a half century's experimentation.

However, regen

eration is still a very active field of investigation since
knowledge of its processes would be theoretically significant
and could conceivably be applied to mammalian healing.

Planarians

are frequently chosen as experimental animals for regenerative
studies since they possess regenerative powers and since they
can be cultured easily under laboratory conditions.
In the early twentieth century Child (1910, 1929, 1930)
initiated physiological studies on planarians and developed his
axial gradient hypothesis.

This hypothesis has not been firmly

established but has directed the interest of investigators toward
the underlying biochemical processes of regeneration.

Much of

the recent work in this area has been centered around the DNA RNA - protein synthetic mechanism.

Coward and Flickinger (1965)

found that the rates of DNA, RNA, and protein synthesis increased
significantly at the onset of regeneration, and it was also
demonstrated that normal regeneration was prevented when protein
synthesis was inhibited by chloramphenical (Flickinger and Coward,
1962).

1
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To date only limited work has been carried out concerning
the roles that specific amino acids or peptides might play in
regeneration.

Using Tubularia larynx, Faulhaber and Tardent

(1959) found that free amino acid concentrations remained con
stant during regeneration but increased significantly if regen
eration was inhibited and concluded that regeneration involved
a balance between amino acid supply and protein synthesis demand.
Coldwater (1933) showed that glutathione, a tripeptide consisting
of glutamic acid, glycine, and cysteine, increased during the
first day of regeneration in the blastema.

Owen et al. (1938,

1939) found that administration of exogenous glutathione in
creased the. rate of regeneration but that administration of the
constituents of glutathione, glutamic acid, glycine, and cysteine,
had no effect.

However, Lecamp (1942) observed that individual

administration of glutamic acid, glycine, cysteine, lysine, his
tidine, and arginine increased the rate of regeneration.
These findings suggest that all amino acids are active in
regeneration to the extent that they are required in protein
synthesis.

However, the work of Lecamp (1942) indicates that

perhaps the constituents of glutathione, glutamic acid, glycine,
cysteine, and the basic amino acids, lysine, histidine, and
arginine, may be more intricately involved in the regenerative
processes and it is for this reason that this study was undertaken.
Its purpose is to determine if cysteine and basic amino acid con
centrations change significantly in regenerating organisms and
tissues.
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LITERATURE REVIEW

"Planarian" is a general term referring to all fresh water
triclads and is synonymous with Paludicola or Probursalia, a sub
order of the class Tricladia.

Members of the genus Dugesia have

triangular heads, two dorsal eyespots, and a ventral protrusible
pharynx.

The body wall consists of a s-ingle layer of epithelial

cells covering circular and longitudinal muscle layers.

Internally

these animals contain simple nervous, digestive, excretory, and
reproductive systems surrounded by mesenchyme.

The reproductive

tracts of both male and female are present in each organism (Hyman,
1951).
Most planarians and all members of Dugesia reproduce both
sexually and asexually.

Sexual reproduction involves mutual exchange

of sperm between two animals and occurs only seasonally.

Asexual

reproduction involves fission of the organism on a line just pos
terior to the pharynx and development of each segment into a complete
animal.

This demonstrates the marked regenerative abilities of

the planarians which distinguishes them from most other metazoans
(Hyman, 1951).
All planarians are carnivorous bottom dwellers.

Dugesia

dorotocephala inhabits springs and spring-fed bodies of water.
Adults may reach a length of 18 - 20 mm and have a maximum life
span of 2 - 3 years in laboratory cultures (Hyman, 1951).
In the species of planaria capable of regeneration injury
elicits three physical responses.

Immediately after wounding the

3
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surrounding circular musculature contracts thus covering the damaged
area with the remaining body wall.

Within 24 hours free cells

in the mesenchyme called neoblasts begin migrating to the site
of injury.

There they proliferate rapidly and then differentiate

into the missing or damaged tissues (Woodruff and Burnette, 1965).
Curtis and Hickman (1927) demonstrated through destruction of the
neoblasts by irradiation that regeneration depends upon the presence
of these cells, however the mechanism of this process has not
been elucidated.
According to Bronsted's review of 1955 planarian regeneration
was first described in the literature in the late eighteenth century
by Pallas and Shaw, but little physiological experimentation was
performed on the organisms until the twentieth century when Child
initiated and later dominated the field.
Child (1910) demonstrated that exposure of regenerating
Dugesia dorotocephala to low concentrations of alcohol, ether, and
chloretone increased the incidence of abnomalies and depressed
the head frequency.

Head frequency is defined as that frequency

with which a given posterior body segment can give rise to a normal
head.

In work reported in 1929 and 1930 he used low lethal dosages

of potassium cyanide, ethanol, and ethyl ether and noted that the
organisms disintegrated from anterior to posterior ends with an
increased rate of disintegration at the fission zone.

Child theorized

that susceptibility to these metabolic poisons would parallel the
tissues' relative rates of oxidative metabolism and concluded
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that an axial metabolic gradient was present in planaria and that
such a gradient could control the morphological changes associated
with regeneration.

Robbins and Child (1920) found that the rate

of carbon dioxide production, as measured by pH change in the sur
rounding water, was greatest in the head and fission zone body
segments.

Likewise Child and Watanabe (1935) reported that head

frequency followed this anterior to posterior pattern.

Conversely,

Allen (1920) and Shearer (1930) demonstrated that the rate of carbon
dioxide production, as measured by a Haldane manometer, varied
randomly among the body segments and concluded that locomotion of
the pieces, rather than the rate of oxidative metabolism, alone
was the prime factor in determining the rate of carbon dioxide
production.

Bertalanffy (1946) repeated Child's work using quinone

derivatives as the metabolic poisons and found that the organisms
decomposed along the body axis in either direction depending upon
the concentration of poison used.

Wolff et al. (1964) made extracts

from planarian heads and pharynxes and found that the supernatant
of the extracts inhibited regeneration of their respective body
parts.

From this the authors speculated that tissues produced

inhibiting and inducing substances which controlled neighboring
regenerating tissue and that Child's axial metabolic gradient could
be explained by balanced inductions and inhibitions.
Although the existence of an axial oxidative gradient has not
been established, modern quantitative methods have revealed bio
chemical gradients present along the body axis.

Lindh (1956) found
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that total nitrogen and total nucleic acid content were always
greatest at the neck level and decreased progressively anteriorly
and posteriorly from there; that fat content was greatest in the
neck and tail regions; and that sugar content was greatest in the
tail.

He further demonstrated that these concentrations showed

rhythmic, predictable variations during regeneration.

Flickinger

(1959) showed by following the uptake of radioactively labelled
glycine that the rate of protein synthesis in the head was approx
imately 2.8 times greater than that in the more posterior body
regions.

Coward (1965), using labelled leucine and uracil, reported

that the rate of protein and RNA syntheses was greatest at the
head and fission zone levels.

These results were later confirmed

by Coward and Flickinger (1965) who further showed that the rate
of DNA synthesis, as measured by the rate of labelled thymidine
incorporation, was also greater in the head and fission zone areas.
Alterations in the DNA-RNA-protein synthetic mechanism have
been demonstrated during regeneration.

Using classical staining

procedures, Lindh (1958a) and Gordon (1962) showed that the nucleic
acid content in neoblasts active in regeneration was greater than
that in inactive cells.

Lindh also found that the RNA content of

regenerating neoblasts reached a maximum value within 24 - 36
hours after injury whereas the DNA content increased steadily for
the first 5 days.

Converse^, Clement (1944), also using staining

techniques, found that the RNA content of neoblasts decreased steadily
during regeneration and concluded that the cells' RNA supply was
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consumed In protein synthesis.

Bronsted (1953) agreed with this

conclusion and further demonstrated that the rate of regeneration
could be increased with the administration of exogenous RNA.

Lindh

(1958b) showed by extraction and chromatographic techniques that
the ratio of purine to pyrimidine bases changed as regeneration
progressed.

Henderson (1962) found that administration of purine

and pyrimidine analogs prevented normal head regeneration.

By the

use of isotopes, Coward and Flickinger (1965) demonstrated that
pyrimidines were incorporated into regenerating tissues more readily
than into nonregenerating ones.

Kohl and Flickinger (1966) noted

that total DNA, RNA, and protein contents, as determined by isotopic
studies, increased in the wounded areas within 6 hours after sectioning
and that the rate of increase was greater in anterior than posterior
blastemata.

Flickinger and Coward (1962) found that exposure of

anterior ends of central regenerating segments to chloramphenical,
a known inhibitor of bacterial protein synthesis, resulted in the
development of bipolar or two-headed organisms and concluded that
polarity could be the result of competition between anterior and
posterior protein synthesizing mechanisms.
The significance of the DNA-RNA-protein synthetic mechanism
in regeneration was further substantiated by Bellini eit al. (1963)
who showed that dipeptidase and protease activities in regenerating
tissues reached maximum values at the same time as amino acid
incorporation.

This finding suggested that the amino acids required

for the accelerated rate of protein synthesis associated with
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regeneration might be supplied by digestion of pre-existing protein.
Using extraction and chromatographic techniques on Tubularia larynx,
Faulhaber and Tardent (1959) found that the free amino acid concen
trations remained constant during regeneration but increased markedly
if regeneration was inhibited.

They concluded that regeneration

involved a balance between amino acid supply and protein synthesis
demand.
Investigations have also been carried out concerning the
possible roles that specific amino acids or peptides might play
in regeneration.

Coldwater (1930) found that total glutathione

content, as determined by the Tunnicliffe iodine titration method,
was greater in those species of planaria having greater regenerative
powers and that in regenerating species it was highest in areas
actively involved in regeneration.

In 1933 he further demonstrated

that glutathione content in the blastema increased during the first
24 hours of regeneration and then progressively decreased.

Coldwater

(1933) tentatively concluded that administration of exogenous gluta
thione increased the total amount of tissue regenerated but not
the rate of regeneration.

Owen et al. (1938, 1939) repeated Coldwater'

work and concluded that exogenous glutathione increased the rates of
both regeneration and fission, but that the administration of the
constituents of glutathione, glutamic acid, glycine, and cysteine,
had no effect.

Conversely, Lecamp (1942) found that the individual

administration of glutamic acid, glycine, cysteine, lysine, arginine,
histidine, and tryptophane enhanced the rate of regeneration and
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that maximum rates could be obtained using a mixture of glycine,
arginine, cysteine, and histidine.
These findings suggest that glutathione, or its constitutive
amino acids, and the basic amino acids are active in planarian regen
eration.
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MATERIALS AND METHODS

Identification of Amino Acids in Planaria

Since no information concerning the total amino acid compo
sition of Dugesia dorotocephala was found in the literature, it
was necessary to identify the amino acids present in the planarian
before quantitation could be undertaken.

This was accomplished

by comparing chromatograms of planarian hydrolysates with those of
known amino acid stock solutions.
One gram samples of each of the 19 common L amino acids were
obtained from Nutritional Biochemicals Corporation.

Stock solutions

were prepared by dissolving 20 mg of each amino acid in 20 ml of
10 percent isopropanol (Fisher Scientific Company) in water.

Various

amounts of 6 normal hydrochloric acid (Fisher Scientific Company)
were incorporated into the stock solutions of the less soluble amino
acids to facilitate dissolving.

The exact composition of each solu

tion is tabulated in the Appendix.

An amino acid mixture was pre

pared by dissolving 10 mg of each amino acid in 10 ml of 10 percent
isopropanol containing 2.5 ml of 6 normal hydrochloric acid.
A one-dimensional chromatogram of each of the stock solutions
was made by applying 4 lambda of each amino acid stock solution
and 8 lambda of the amino acid mixture along a line 9 cm from the
long edge of a sheet of Whatman number 1 chromatography paper, 46
cm by 57 cm, folded 2.5 and 5.5 cm from- the edge.

The spots were

made using 1 lambda disposable micropipets (Kensington Scientific
10

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

11

Corporation) with air drying after each lambda application.

The

paper was then placed in a saturated descending chromatography
tank and run for 12 hours against the grain of the paper in acetic
acid - butanol - water solvent.
in the Appendix.

The solvent composition is given

The chromatogram was then air dried, dipped in

0.2 percent ninhydrin (Fisher Scientific Company) in acetone (Fisher
Scientific Company), and allowed to develop at room temperature.
A two-dimensional chromatogram of the stock solution of the
amino acid mixture was prepared by applying 12 lambda of the amino
acid mixture in the corner of a 46 cm by 57 cm sheet of the chroma
tography paper 9 cm from either edge.

The paper was folded at 2.5

and 5.5 cm from the edge and run 12 hours against the grain of the
paper in the acetic acid - butanol - water solvent and then air
dried. The folded upyer edge was removed and the paper was refolded
at right angles and placed in a second chromatography tank containing
phenol - ethanol - ammonia solvent.
given in the Appendix.

The solvent composition is

The chromatogram was run 12 hours with the

grain of the paper, air dried, dipped in 0.2 percent ninhydrin in
acetone, and allowed to develop at room temperature.
Mature Dugesia dorotocephala (Steinhilber and Company) were
blotted dry on paper toweling and weighed to the nearest 0.1 mg on
a Mettler electric analytical balance.

Twenty-five milligrams of

organisms were homogenized in 2 ml of 6 normal hydrochloric acid
in a glass hand homogenizer.

The homogenate was transferred to a

calibrated glass vial which was sealed and heated at 95 - 98° C for
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14 hours in a Labline number 3500 oven.

The vials were then opened

and 1.5 ml water were added to the hydrolysate.

The solution was

allowed to evaporate down to a final volume of 0.5 ml at 95 - 98° C
to remove the excess hydrochloric acid.

Fifteen lambda of the hydro

lysate were spotted on a 46 by 57 cm sheet of chromatography paper
and a two-dimensional chromatogram was prepared according to the
procedures used for the amino acid mixture.

Two, one-dimensional

chromatograms were prepared according to the procedures used for
the individual amino acid stock solutions.

Each of these chromato

grams contained a 4 lambda spot of the amino acid mixture and a 10
lambda spot of the planarian hydrolysate.

One was treated in 0.2

percent ninhydrin in acetone and allowed to develop at room tem
perature, and the other was treated with 0.2 percent isatin (Fisher
Scientific Company) in acetone and heated at 95° C for 10 minutes.
The presence and location of the ninhydrin complex spots on
the 5 chromatograms were compared to determine which amino acids
were present in the planarian hydrolysate.

Preparation of Calibration Graphs

After the presence of cysteine, lysine, histidine, and arginine
in the planarian hydrolysate had been established, calibration
graphs were prepared for these amino acids.

Each amino acid was

dissolved individually in 6 normal hydrochloric acid and treated
exactly as the planarian hydrolysates were treated.

It was established

through trial and error that amino acid solutions yielding final
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concentrations of approximately 0.01 micromoles amino acid per
lambda gave optical densities in the range of the planarian hydro
lysate chromatograms.
Twenty milligrams of cysteine hydrochloride hydrate were weighed
to the nearest 0.10 mg on a Mettler electric analytical balance and
dissolved in 20 ml of 6 normal hydrochloric acid.

Two milliliters

of this solution were transferred to a calibrated glass vial which
was sealed and heated at 95 - 98°C for 14 hours.

Two milliliters of

water were added to the solution which was then allowed to evaporate
to a final volume of 1 ml.

The concentration of this solution was

2 mg cysteine hydrochloride hydrate per ml or 0.011 micromoles
cysteine per lambda.

The solution was then spotted in 1 - 8 lambda

quantities on 8, 15 by 57 cm strips of chromatography paper with
folds at 2.5 and 5.5 cm from the narrower end and origin at 9 cm.
Each quantity was spotted 5 times and the paper was allowed to dry
after each lambda was applied.

The 8 sheets of paper were placed

in 2 identical 30 by 60 cm circular glass chromatography jars.

Each

jar contained 3, 17 cm solvent troughs and was saturated with 50
ml of the acetic acid - butanol - water solvent.

The chromatograms

were run 14 hours against the grain of the paper, air dried, and
dipped in 0.2,-percent ninhydrin in acetone for developing.
Quantitation of the cysteine - ninhydrin complex was accomplished
according to a procedure similar to that of Naftalin (1948).

The

purplish ninhydrin complex appeared within an hour at room temperature.
The colored spots were cut out of the paper in rectangular blocks
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so that a margin remained arourd each spot.
uniform size.

The blocks were of nearly

A blank was prepared by cutting out a block of solvent

and ninhydrin treated paper containing no amino acid.

Each block

was saturated with 5 percent ninhydrin in butanol with an eye dropper
and was then placed in a chemically clean 18 by 150 mm Pyrex test
tube.

The test tubes were allowed to stand at room temperature

for 5 minutes.

They were then heated at 50 - 55°C with hot running

tap water for 5 minutes and then transferred to a 75 - 80°C Labline
water bath for another 5 minutes.
to room temperature.

The tubes were allowed to cool

Ten milliliters of 75 percent acetone in water

were added to each tube with a Repipet.

Elution was allowed to con

tinue 30 minutes with occasional aggitation.
were transferred to Bausch and Lomb cuvettes.

The acetone solutions
Optical densities

were recorded at 570 millimicrons with a Bausch and Lomb Spectronic
20 zeroed on the blank.

The 5 readings obtained for each of the

8 different quantities were averaged and a calibration graph was
prepared by graphing the number of micromoles versus optical den
sity.
The above procedure was repeated for each of the basic amino
acids using 0.012 molar arginine hydrochloride, 0.010 molar histidine
hydrochloride, and 0.011 molar lysine solutions.

Calibration graphs

were prepared for each amino acid by graphing optical density of
the acetone elutions versus the number of micromoles of amino acid.
A composite calibration graph was then made for total basic amino
acid quantitation by averaging the optical density readings of lysine,
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histidine, and arginine at 0.01 micromole intervals and by graphing
these averages versus micromoles of amino acid.

This was necessary

since the basic amino acids could not be separated adequately by
one-dimensional chromatography for individual quantitation in the
regeneration studies.

Maintenance of Organisms

Upon arrival the Dugesia dorotocephala were placed in poly
ethylene 1000 ml beakers containing 0.01 percent Knop's solution.
The composition of the medium is stated in the Appendix.

The beakers

were covered lightly with paper toweling to protect the organisms
from direct light and were placed in a Sherer - Gillette environ
mental chamber with 5, 20 watt fluorescent bulbs and 2, 25 watt
incandescent bulbs approximately 2 feet from the cultures.
chamber was maintained at 20°C and on a 12 hour light cycle.

The
The

Knop's solution was constantly aerated with air stones and was changed
daily.

Approximately 750 ml solution was allowed for every 100

planaria.

The organisms were given 1 day to recover from shipping

before experimentation was begun.

Quantitation of Amino Acids During Regeneration

Quantitation of cysteine and the total basic amino acids was
carried out in two experiments.

In the first experiment the amino

acids were quantitated in whole anterior regenerating segments.
Adult Dugesia dorotocephala, approximately 75 - 125 mm in length,
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were placed on glass slides and bisected across the middle of the
pharyngeal cavity with a razor blade.

The posterior body segments

were discarded and the anterior segments were returned to the Knop's
solution and maintained under the conditions described previously.
On day 0, the day of bisection, and on days 1, 2, 3, 4, and 5 ap
proximately 60 anterior segments were removed; blotted dry on paper
toweling; and weighed to the nearest 0.1 mg on a Mettler electric
analytical balance.

Five, 30 mg lots were each homogenized in a

glass hand homogenizer in 3 ml of 6 normal hydrochloric acid.

The

homogenates were transferred to calibrated glass vials which were
sealed and heated at 95 - 98°C for 14 hours.

Two milliliters of

water were added to each of the nydrolysates which were returned
to the oven and allowed to evaporate to a final volume of 0.5 ml.
Each hydrolysate was spotted in 10 lambda quantities 5 times on
a 15 by 57 cm strip of chromatography paper with folds at 2.5 and
5.5 cm from the narrower edge and with the origin at 9 cm.

The

chromatograms were dried and then run 14 hours in the acetic acid butanol - water solvent.

They were then dried and dipped in 0.2

percent ninhydrin in acetone.

Upon the appearance of the ninhydrin

complex the cystine - cysteine and lysine - histidine - arginine
spots were cut out; treated with 5 percent ninhydrin in butanol;
heated and eluted in exactly the same manner as were the standard
amino acids.

The 5 optical density readings for both cysteine and

total basic amino acid recorded for each hydrolysate were averaged
and the quantities of cysteine and basic amino acid were determined
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by reference to the calibration graphs.

Results were expressed as

micromoles amino acid per mg wet weight.
In the second experiment the amino acids were quantitated in
actively regenerating tissues.

The planarians were bisected across

the middle of the pharyngeal cavity and the anterior segments were
maintained as stated above.

On days 0, 1, 2, 3, 4, and 5 approx

imately 100 segments were again sectioned on a level just anterior
to the pharyngeal cavity.

The 1 - 2 mm segments thus removed from

the regenerating surfaces were blotted dry and weighed.

Five, 30 mg

lots of the segments were homogenized and then used in the quanti
tation procedures described in the first experiment.

Analysis of Data

The 5 cysteine and total basic amino acid values obtained
for each day of regeneration were averaged and the standard devi
ations were determined with the use of the formula given below.
s
x
x
N

=
=
=
=

standard deviation
value
mean
number of values

Analysis of variance between daily values was performed with the
use of the Neuman-Keuls analysis of variance by the Western
Michigan University Mathematics Department.
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RESULTS

Identification of Amino Acids in Planaria

One and two-dimensional chromatograms of the amino acid stock
solutions were prepared and are reproduced in Figures 1 and 2.

One

and two-dimensional chromatograms of the planarian hydrolysate
were similarly prepared and are reproduced in Figures 3 and 4.

The

amino acids present in Dugesia dorotocephala were identified by
comparison of the ninhydrin complex spots of the hydrolysate with
those of the stock solution.

The two-dimensional chromatogram of

the hydrolysate showed spots in locations corresponding to those,—
of aspartic acid, glutamic acid, cysteine, cystine, serine, glycine,
threonine, alanine, histidine, methionine, valine, arginine, lysine,
phenylalanine, isoleucine, and leucine.

The one-dimensional chroma

togram of the hydrolysate showed all of these amino acids plus a
faint yellowish spot in the location of proline.

The presence of

proline was confirmed by development of a bright blue complex upon
treatment of a one-dimensional chromatogram with isatin (Figure 5).
Tyrosine was found in only minute quantities in the hydrolysate and
could be detected only by treating the chromatograms with 5 percent
ninhydrin solution and heating at 95° C for several minutes.

Tryp

tophane was absent as expected since it is destroyed in acid hydro
lysis.

Thus all of the common 19 amino acids, with the exception

of tryptophane, were found in the hydrolysate.

The presence of

both cystine and cysteine was assumed although they could not be
18
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separated.

This assumption is considered in the Discussion.

Amino Acid Calibration Graphs

Linear calibration graphs were prepared for cysteine (Figure
6), arginine (Figure 7), histidine (Figure 8), and lysine (Figure
9).

A linear composite basic amino acid calibration graph (Figure

10) was made by averaging the optical densities of the arginine,
histidine, and lysine calibration graphs at .01 micromole intervals
and by graphing these averages against concentration.

Quantitation of Amino Acids During Regeneration

The concentration of cysteine was determined in anterior
planarian segments during the first 5 days of regeneration.

Values

for the cysteine content are given in Table 1 and are shown graphically
in Figure 11.

It is apparent that cysteine concentration is constant

during regeneration, so these data were not analyzed for variance.
The total basic amino acid content was likewise determined in the
anterior regenerating segments.

Values for this are given in Table

2 and are shown graphically in Figure 11.

It can be seen from the

graph that the total basic amino acid values show greater variation
both within and among samples than do the corresponding cysteine
values.

Analysis of variance between values for day 0 and day 1

with the Newman-Keuls formula gave a F ratio of 1.4240.

The F

ratio required for significant variation between values in this
experiment at the 95 percent confidence level was 4.5300 and at
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the 99 percent confidence level was 9.4700.

Therefore the variation

in basic amino acid concentration between days 0 and 1 was insignifi
cant.

Values for the next 4 days of regeneration were not analyzed

for variance since the range of samples for each day was greater
than the difference between mean values for subsequent days.
The concentration of cysteine was determined in the actively
regenerating portions of the anterior planarian segments during the
first 5 days of regeneration.

These values are given in Table 3

and are shown graphically in Figure 12.

It can be seen from the

graph that the values within and among days vary more than do those
obtained from whole anterior regenerating segments.

Analysis of

variance between values for day 0 and day 1 gave a F ratio of
18.5444.

Therefore the increase in cysteine concentration during

the first 24 hours of regeneration was significant at both the 95
and 99 percent confidence levels.

The values for the next 4 days

of regeneration were not analyzed with the Newman-Keuls formula since
variation between means on subsequent days was less than the variation
among samples for a single day.

The total basic amino acid content

was determined in the actively regenerating tissue.

These values

are given in Table 4 and are shown graphically in Figure 12.

It

can be seen from the graph that the total basic amino acid content
varies more within and among days than does the corresponding cysteine
content.

Analysis of variance between values for day 0 and day 1

gave a F ratio of 8.0950.

Therefore the increase in total basic

amino acid concentration was significant at the 95 percent confidence
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level but not at the 99 percent level.

The values for the next

4 days of regeneration were not analyzed for variance.
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Figure 1.

One-dimensional Chromatogram of Amino Acid Stock Sol
utions .

The contents of the amino acid mixture spots are as follows:
1 - cystine, cysteine; 2 - lysine, histidine, arginine; 3 - ser
ine, glycine, aspartic acid; 4 - threonine, glutamic acid; 5 alanine; 6 - proline; 7 - tyrosine; 8 - methionine, valine; 9 tryptophane; 10 - phenylalanine, leucine, isoleucine.

The scale

is 1 cm = 3 cm.
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acetic.. .acid- --butanol - water

H-

Figure 2. Two-dimensional Chromatogram of Amino Acid Stock
Mixture.
The contents of the spots are as follows: 1 - aspartic acid; 2 glutamic acid; 3 - cystine, cysteine; 4 - serine, glycine; 5 threonine; 6 - tyrosine; 7 - alanine; 8 - histidine; 9 - lysine;
10 - valine, tryptophane, methionine; 11 - arginine; 12 - leucine,
isoleucine, phenylalanine, 13 - proline.

The scale is 1 cm = 1 in.
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acetic acid - butanol - water

Figure 3.

Two-dimensional Chromatogram of Planarian Hydrolysate.

The contents of the spots are as follows: 1 - aspartic acid; 2 glutamic acid; 3 - cystine, cysteine; 4 - serine, glycine; 5 threonine; 6 - alanine; 7 - histidine; 8 - methionine, valine;
9 - arginine, lysine; 10 - phenylalanine, isoleucine, leucine.
The scale is 1 cm = 1 in.
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Figure 4.

One-dimensional Chromatogram of
Amino Acid Stock Mixture and
Planarian Hydrolysate Treated
with Ninhydrin.

The contents of the spots are as follows: 1 cystine, cysteine; 2 - lysine, histidine, arg
inine; 3 - serine, glycine, aspartic acid; 4 threonine, glutamic acid; 5 - alanine; 6 - pro
line; 7 - tyrosine; 8 - methionine, valine;
O

9 - tryptophane; 10 - phenylalanine, leucine,
isoleucine.

Figure 5.

The scale is 1 cm = 3 cm.

One-dimensional Chromatogram of
Amino Acid Stock Mixture and
Planarian Hydrolysate Treated
with Isatin.

The spot contains proline.

The scale is

1 cm = 3 cm.
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Figure 6.

Cysteine Calibration Graph.

number lambda of
2 mg/ml cysteine
HCl.K^O in 6 normal
hydrochloric acid

number micromoles

optical density

1

.011

.010

2

.023

.020

3

.034

.028

4

.046

.039

5

.057

.046

6

.068

.060

7

.080

.067

8

.091

.078
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Figure 7.

Arginine Calibration Graph.

number lambda of
2.5 mg/ml arginine
HCl in 6 normal
hydrochloric acid

number micromoles

optical density

1

.012

.015

2

.024

.038

3

.036

.051

4

.047

.064

5

.059

.071

6

.071

.086

7

.083

.098

8

.095

.107
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micromoles of histidine

Figure 8.

Histidine Calibration Graph.

number lambda of
number micromoles
2 mg/ml histidine
HCI.H2O in 6 normal
hydrochloric acid

optical density

1

.010

.012

2

.019

.015

3

.029

.018

4

.038

.021

5

.048

.024

6

.057

.028

7

.067

.031

8

.076

.033
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.09
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Figure 9.

Lysine Calibration Graph.

number lambda of
2 mg/ml lysine HC1
in 6 normal hydro
chloric acid

number micromoles

optical density

1

.011

.020

2

.022

.025

3

.033

.030

4

.044

.035

5

.055

.039

6

.066

.045

7

.077

.050

8

.088

.056
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Composite Basic Amino Acid Calibration Graph.

arginine
optical
density

histidine
optical
density
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.029
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.07

.085

.032

.047
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Figure 11.

Concentration of Amino Acids in Anterior Planarian
Segments During Regeneration.

The upper graph shows total basic amino acid concentrations
during regeneration and the lower graph shows cysteine concen
trations.

Points are experimentally determined values.

Dotted

lines connect mean values.
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.08

days after bisection
Figure 12. Concentration of Amino Acids in Actively Regenerating
Portions of Anterior Planarian Segments During Regen
eration.
The upper graph shows total basic amino acid concentrations
during regeneration and the lower graph shows cysteine concentra
tions.

Points are experimentally determined values.

Dotted

lines connect mean values.
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TABLE 1 .

Concentration of Cysteine in Regenerating Anterior
Planarian Segments.*

Experiment
Number

Days after Bisection
0

1

2

3

4

5

1

.018

.017

.020

.018

.018

.018

2

.019

.018

.018

.018

.020

.018

3

.018

.020

.018

.018

.018

.018

4

.018

.018

.018

.018

.018

.018

5

.018

.018

.018

.020

.017

.020

Mean of
.018
Mean Values

.018

.018

.018

.018

.018

Standard
Deviation

.003

.002

.002

.003

.002

.001

* Values given are mean micromoles cysteine/mg wet weight plan
arian tissue obtained from 5 samples taken from each hydrolysate.
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TABLE 2.

Concentration of Basic Amino Acids in Regenerating Anterior
Planarian Segments.*

Experiment
Number

Days after Bisection
0

1

2

3

4

5

1

.066

.060

.066

.060

.060

.060

2

.063

.068

.060

.060

.066

.058

3

.060

.066

.066

.060

.060

.060

4

.060

.066

.060

.060

.058

.060

5

.063

.060

.066

.066

.060

.063

Mean of
Mean Values

.062

.064

.064

.061

.061

.060

Standard
Deviation

.002

.003

.003

.002

.003

.005

* Values given are mean micromoles basic amino acid/mg wet weight
planarian tissue obtained from 5 samples taken from each
hydrolysate.
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TABLE 3.

Concentration of Cysteine in Actively Regenerating Portions
of Planarian Anterior Segments.*

Days after Bisection

Experiment
Number
0

1

2

3

4

5

1

.018

.027

.028

.028

.025

.025

2

.020

.030

.028

.028

.027

.025

3

.018

.027

.028

.028

.023

.028

4

.018

.027

.027

.025

.025

.020

5

.020

.027

.025

.028

.025

.027

Mean of
Mean Values

.019

.028

.027

.026

.025

.025

Standard
Deviation

.003

.004

.004

.004

.004

.009

* Values given are mean micromoles cysteine/mg wet weight
planarian tissue obtained from 5 samples taken from each
hydrolysate.
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TABLE 4.

Concentration of Basic Amino Acids in Actively Regenerating
Portions of Planarian Anterior Segments.*

Experiment
Number

Days after Bisection
0

1

2

3

4

5

1

.047

.058

.051

.058

.050

.058

2

.043

.055

.063

.055

.051

.055

3

.047

.058

.058

.051

.055

.055

4

.047

.058

.060

.058

.051

.050

5

.047

.051

.058

.051

.055

.051

Mean of
Mean Values

.046

.056

.057

.055

.052

.054

Standard
Deviation

.002

.003

.004

.003

.002

.003

*

Values given are mean micromoles basic amino acid/mg wet weight
planarian tissue obtained from 5 samples taken from each
hydrolysate.
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DISCUSSION

Reliability of Results

Several aspects of the experimental design make acceptance
of the results on a purely quantitative level impossible.

First,

is was impossible to completely separate the basic amino acids with
one-dimensional chromatography so it was necessary to quantitate
them as a whole.

The use of the averaged unit, micromole of total

basic amino acid, could mask great changes in true basic amino acid
concentration.

For example, it is possible, although not probable,

that the concentration of histidine, weakly ninhydrin positive, could
increase markedly while the concentration of arginine, strongly nin
hydrin positive, could decrease slightly.

This would be interpreted

as constant or decreasing total basic amino acid content with the
use of the quantitative procedures employed in the foregoing work when
in fact the total basic amino acid concentration would have increased.
Secondly, the quantitation of cysteine cannot be considered
completely accurate since cysteine and cystine migrate identically
in the chromatography systems used in this work.

It can be assumed

that both of these amino acids are present in the planarian hydro
lysate since both are present in many common proteins and since neither
is destroyed in acid hydrolysis.

Quantitation of cystine with the

method used on the other amino acids proved impossible since it trailed
greatly during chromatography and thus gave irregular, low optical
density readings.

Therefore the linear cysteine calibration graph
37
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alone was used in quantitation of amino acid present at the cystine
- cysteine location.
Thirdly, the values for both cysteine and total basic amino
acid concentrations vary more in the actively regenerating tissue
than in the whole anterior segments.

This may be attributed to either

differences in amino acid concentration between samples or to inaccuracy
in sectioning the actively regenerating tissues.

While it is probable

that differences in amino acid concentration do exist between samples,
inaccuracy in sectioning possibly contributed to this variation.
Fourthly, due to the large number of organisms required for
this work it was impossible to use planarians from the same clone.
Therefore, biochemical differences between strains could be reflected
in the results.

However, the experimental animals were of the same

species and size and were obtained from the same supplier over a three
month period.
In view of the above criticisms of the experimental design,
the results from this work cannot be interpreted as exact number
of micromoles of amino acid.

However, since all of the organisms

and hydrolysates were handled identically itcan be assumed that
marked changes in amino acid concentration are valid on a qualitative
level.

Interpretation of Results

The results of the first experiment of the regenerative studies
indicate that the concentrations of both cysteine and, apparently,
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total hasic amino acid remain constant in whole anterior planarian
segments during the first 5 days of regeneration.

Since the organisms

were maintained in an inorganic medium lacking ammonium ions and since
this solution was changed daily, it can be assumed that ingestion
of protein or amino acids from microbial sources or synthesis of nonessential amino acids from non-nitrogenous compounds would have been
impossible.

These facts plus the finding of Bellini et al. (1963)

that dipeptidase and protease activities increase in regenerating
tissue suggest that existing proteins are digested and their amino
acids are used in protein anabolism for new tissue formation.

It

can be seen in Figure 11 that there is a noticeable, but statistically
insignificant, drop in average basic amino acid content from the second
to fifth days of regeneration.

This may be due entirely to chance

since the range of experimental values remains essentially constant
during this time and since the average cysteine content remains constant.
However, Lindh (1958a) found by analysis of regenerating planarians'
media that amino acids and peptides, which were not identified, leaked
out of the organisms through the syncytial epidermal wound covering
during the first 3 days of regeneration.

This could explain the slight

loss of basic amino acids.
The results of the second experiment of the regenerative studies
indicate that the concentrations of both cysteine and total basic amino
acid in the actively regenerating tissues increase significantly during
the first 24 hours of regeneration and then remain virtually constant
for the next 4 days.

This is in agreement with the finding of Woodruff
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and Burnette (1965) that neoblasts migrate to the site of injury within
24 hours.

The clustering of these cells alone could explain the increase

in amino acid concentrations since much of the mid body region consists
of watery mesenchyme.

The results become more significant when the

following findings are also considered.

Kohl and Flickinger (1966)

reported that total DNA, RNA, and protein contents increased in regen
erating tissues within 6 hours after injury and that the rate of pro
tein synthesis reached a peak in the blastemata 24 hours after injury.
Bellini _et al. (1963) found that the activity of dipeptidases and
proteases reached maximum values in regenerating tissues approximately
24 hours after injury.
Apparently planarian regeneration involves the migration of
neoblasts, equipped with the protein synthesizing machinery, to the
site of injury where their proteins are digested and the amino acids
are reassembled into new proteins as the cells differentiate into the
missing cell types.

Thus regeneration involves a balance between

protein catabolism and anabolism.

Faulhaber and Tardent (1959) demon

strated that this occurs in the regeneration of Tubularia larynx.
Employing paper chromatography and elution techniques similar to the
ones used in this work, they showed that the concentrations of free
amino acids, quantitated individually, remained fairly constant during
normal regeneration of the hydrocaucus but that the concentrations
increased markedly when protein synthesis was inhibited.

If this

were also true in planarian regeneration, then the only major roles
of cysteine and the basic amino acids would be their use in protein
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anabolism.

Such a conclusion is reasonable since it would explain

their simultaneous increase in concentration in actively regenerating
tissue, but it contradicts the thinking of Coldwater (1933) that glu
tathione, which would be measured in this work as part of the total
cysteine concentration, plays a special, perhaps messenger, role
in regeneration.

Coldwater found that the concentration of glutathione

in the blastemata increased during the first 24 hours of regeneration
and then progressively decreased, whereas in this work the concen
tration of cysteine was found to increase during the first day in
actively regenerating tissue and then to remain constant.

The conclu

sion also contradicts the finding of Lecamp (1942) that the administra
tion of only specific amino acids, the constituents of glutathione
and the basic amino acids, enhanced the rate of regeneration.

However

the significance of Lecamp's results cannot be established until the
dietary amino acid requirements for planarians are determined.
The mechanism of planarian regeneration remains a mystery.
Perhaps greater investigation of normal planarian metabolism should
be undertaken first to provide standards against which the variables
of regeneration may be compared.

To date the amino acid biochemistry

of planaria has received so little attention that even the preliminary
work for this project, the identification of the common amino acids
in Dugesia dorotocephala hydrolysate, was a contribution to this
field.
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CONCLUSIONS

1) All of the common amino acids, with the exception of tryptophane,
are present in Dugesia dorotocephala acid hydrolysate.
2) The concentrations of both cysteine and apparently basic
amino acid remain constant during the first 5 days of regeneration
in whole anterior planarian segments.
3) The concentrations of both cysteine and total basic amino acid
in actively regenerating portions of anterior segments increase
significantly during the first 24 hours of regeneration and then
remain constant for the next 4 days.
4) Based on conclusions 2 and 3 it can be assumed that cells containing
cysteine and the basic amino acids migrate to the site of injury
during the first 24 hours of regeneration and it therefore may
be possible that cysteine and basic amino acid concentrations
decrease in the nonregenerating portions of the anterior segments.

42
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APPENDIX

Amino Acid Stock Solutions

10 mg of:

ml of 6 normal
hydrochloric acid

ml of 10 percent
isopropanol in
water

alanine

0

20

arginine HC1

0

20

aspartic acid

1

19

cysteine HCl.H^O

0

20

cystine

2.5

17.5

glutamic acid

1

19

glycine

0

20

histidine HC1

0

20

isoleucine

0

20

leucine

0

20

lysine

0

20

methionine

0

20

phenylalanine

1

19

proline

0

20

serine

0

20

threonine

0

20

tyrosine

1

19

tryptophane

0.5

19.5

valine

0

20

mixture of 10 mg of
each amino acid

2.5

7.5
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Acetic Acid - Butanol - Water Solvent

120 ml butanol (Fisher Scientific Company)
30 ml acetic acid (Fisher Scientific Company)
50 ml water

Phenol - Ethanol - Ammonia Solvent

500 g phenol (Fisher Scientific Company)
125 ml water
300 ml phenol solution
80 ml ethanol (Fisher Scientific Company)
20 ml water
2 ml concentrated ammonia (Fisher Scientific Company)

0.01 Percent Knop's Solution

0.437 g Ca(N03)2
0.150 g KN03
0.150 g MgS04
7 1 water
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